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MANUAL CONTROL WITH FORCE-FEEDBACK FOR PROBE 
MICROSCOPY-BASED FORCE SPECTROSCOPY 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention is directed to probe microscopes, and more particularly, a 
probe microscope apparatus and method for sensing tip-sample interaction forces. 

Description of Related Art 

Developments in nanotechnology have enabled mechanical experiments on a 
broad range of samples including single molecules, such that fundamental molecular 
interactions can be studied directly. The mechanical properties of biological molecules, 
in particular, such as actin filaments and DNA has lead to the development of a range of 
instrumentation for conducting these studies. In this regard, systems and methods 
differing in force and dynamic ranges currently being used include magnetic beads, 
optical tweezers, glass microneedles, biomembrane force probes (BFP), scanning probe 
microscopy (SPM), and atomic force microscopy (AFM). 

With a force sensitivity on the order of a few pico-Newtons (pN = 10" 12 N)> an 
AFM is an excellent tool for probing fundamental force interactions between surfaces. 
AFM has been used to probe the nature of attractive van der Waals and 
attractive/repulsive electrostatic forces between systems such as metal probes and 
insulating mica surfaces, and insulating probes on insulating and conducting samples 
with materials such as silicon nitride, diamond, alumina, mica, glass and graphite. Other 
applications include the study of adhesion, friction, and wear, including the formation or 
suppression of capillary condensation on hydrophilic silicon, amorphous carbon and 
lubricated Si02 surfaces. 
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More particularly, for biological molecules, force is often an important functional 
and structural parameter. Biological processes such as DNA replication, protein 
synthesis, drug interaction, to name a few, are largely governed by intermolecular forces. 
However, these forces are extremely small. With its sensitivity in the pico-Newton scale, 
the PM has been employed to analyze these interactions. In this regard, SPMs typically 
are used to generate force curves that provide particularly useful information for 
analyzing very small samples. 

The knowledge regarding the relation between structure, function and force is 
evolving and therefore single molecule force spectroscopy, particularly using SPM, has 
become a versatile analytical tool for structural and functional investigation of single bio- 
molecules in their native environments. For example, force spectroscopy by SPM has 
been used to measure the binding forces of different receptor-ligand systems, observe 
reversible unfolding of protein domains, and investigate polysaccharide elasticity at the 
level of inter-atomic bond flips. Moreover, molecular motors and their function, DNA 
mechanics and the operation of DNA-binding agents such as proteins in drugs have also 
been observed. Further, the SPM is capable of making nano-mechanical measurements 
(such as elasticity) on biological specimens, thus providing data relative to subjects such 
as cellular and protein dynamics. 

Another main application of making AFM force measurements is in materials 
science where the study of mechanical properties of nano-scale thin films and clusters is 
of interest. For example, as microstructures such as integrated circuits continue to shrink, 
exploring the mechanical behavior of thin films from known properties of the materials 
becomes increasingly inaccurate. Therefore, continuing demand for faster computers and 
larger capacity memory and storage devices places increasing importance on 
understanding nano-scale mechanics of metals and other commonly used materials. 

PMs including instruments such as the atomic force microscope (AFM), are 
devices that typically use a sharp tip and low forces to characterize the surface of a 
sample down to atomic dimensions. Generally, AFMs include a probe having a tip that is 
introduced to a surface of a sample to detect changes in the characteristics of the sample. 
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In this case, relative scanning movement between the tip and the sample is provided so 
that surface characteristic data can be acquired over a particular region of the sample, and 
a corresponding map of the sample surface can be generated. However, PMs also include 
devices such as molecular force probes (MFPs) that similarly use a probe to characterize 
sample properties but do not scan. 

In one application of AFM, either the sample or the probe is translated up and 
down relatively perpendicularly to the surface of the sample in response to a signal 
related to the motion of the cantilever of the probe as it is scanned across the surface to 
maintain a particular imaging parameter (for example, to maintain a set-point oscillation 
amplitude). In this way, the feedback data associated with this vertical motion can be 
stored and then used to construct an image of the sample surface corresponding to the 
sample characteristic being measured, e.g., surface topography. Other types of images 
are generated directly from the detection of the cantilever motion or a modified version of 
that signal (i.e., deflection, amplitude, phase, friction, etc.), and are thus not strictly 
topographical images. 

In addition to surface characteristic imaging such as topographical imaging, the 
AFM can probe nano-mechanical and other fundamental properties of samples and their 
surfaces. Again, AFM applications extend into applications ranging from measuring 
colloidal forces to monitoring enzymatic activity in individual proteins to analyzing DNA 
mechanics. 

When measuring biological samples, it is useful to measure, for example, the 
stiffness of the sample; in one example, to separate salt crystals from DNA or to separate 
the DNA from a hard surface. In U.S. Patent No. 5,224,376, assigned to the assignee of 
the present invention, an atomic force microscope is described in which the system can 
map both the local the stiffness (force spectroscopy) and the topography of a sample. In 
the preferred implementation, a stiffness map of the sample is obtained by modulating the 
force between the tip and sample during a scan by modulating the vertical position of the 
sample while keeping the average force between the tip and the sample constant. The 
bending of the cantilever, which is a measure of the force on the tip, is measured by an 
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optical detector that senses the deflection of a light beam reflected from the back of the 
cantilever. In a simple example, the AFM and force spectroscopy apparatus of this patent 
has been used to study DNA laying on a glass surface. Modulating the force and then 
imaging the stiffness of the sample has the advantage that a surface such as glass, which 
5 has a rough topographic image, will have a flat stiffness image, permitting soft molecules 
on it such as DNA to be readily imaged. 

Notably, a key element of the probe microscope is its microscopic sensor, i.e., the 
probe. The probe includes a microcantilever, the design and fabrication of which is well- 
known in the field, which is typically formed out of silicon, silicon nitride, or glass, and 
^ 10 has typical dimensions in the range of 10-1000 microns in length and 0.1-10 microns in 
thickness. The probe may also include a "tip," which, particularly in AFM, is typically a 
sharp projection near the free end of the cantilever extending toward the sample. In the 
more general field of probe microscopy, the tip may be absent or of some other shape and 
size in order to control the particular type, magnitude, or geometry of the tip-sample 
b 15 interaction or to provide greater access to chemically modify the tip surface. 

gjj The second key element of a probe microscope is a scanning mechanism ("the 

^ scanner"), which produces relative motion between the probe and the sample. It is well- 

C3 

known by those in the field that such scanners may move either the tip relative to the 
sample, the sample relative to the tip, or some combination of both. Moreover, probe 
20 microscopes include both scanning probe microscopes in which the scanner typically 
produces motion in three substantially orthogonal directions, and instruments with 
scanners that produce motion in fewer than three substantially orthogonal directions (i.e.- 
MFP). 

Turning to Figures 1 A-1E and 2, force spectroscopy using SPM is illustrated. 
25 More particularly, Figures 1 A- IE show how the forces between a tip 14 of a probe 10 
and a sample 16, at a selected point (X,Y) on the sample, deflect a cantilever 12 of probe 
10 as the tip-sample separation is modulated in a direction generally orthogonal to the 
sample surface. Figure 2 shows the magnitude of the forces as a function of sample 
position, i.e., a force curve or profile. 
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In Figure 1 A, probe 10 and sample 16 are not touching as the separation between 
the two is narrowed by moving the sample generally orthogonally toward the sample 
surface. Zero force is measured at this point of the tip-sample approach, reflected by the 
flat portion "A" of the curve in Figure 2. Next, probe 10 may experience a long range 
5 attractive (or repulsive force) and it will deflect downwardly (or upwardly) before 

making contact with the surface. This effect is shown in Figure IB. More particularly, 
as the tip-sample separation is narrowed, tip 14 may "jump" into contact with the sample 
16 if it encounters sufficient attractive force from the sample. In that case, the 
corresponding bending of cantilever 12 appears on the force profile, as shown in Figure 2 
1 0 at the curve portion marked "B." 



Q Turning next to Figure 1C, once tip 14 is in contact with sample 16, the cantilever 

£3 

ffl will return to its zero (undeflected) position and move upwardly as the sample is 

jjj translated further towards probe 10. If cantilever 12 of probe 10 is sufficiently stiff, the 

Q probe tip 14 may indent into the surface of the sample. Notably, in this case, the slope or 
jLi 1 5 shape of the "contact portion" of the force curve can provide information about the 

W elasticity of the sample surface. Portion "C" of the curve of Figure 2 illustrates this 

jjl contact portion. 

0 

^ In Figure ID, after loading cantilever 12 of probe 10 to a desired force value, the 

displacement of the sample 16 is reversed. As probe 10 is withdrawn from sample 16, tip 

20 14 may either directly adhere to the surface 16 or a linkage may be made between tip 14 
and sample 16, such as via a molecule where opposite ends are attached to the tip 14 and 
surface 16. This adhesion or linkage results in cantilever 14 deflecting downwards in 
response to the force. The force curve in Figure 2 illustrates this downward bending of 
cantilever 14 at portion "D." Finally, at the portion marked "E" in Figure 2, the adhesion 

25 or linkage is broken and probe 10 releases from sample 16, as shown in Figure IE. 
Particularly useful information is contained in this portion of the force curve 
measurement, which contains a measure of the force required to break the bond or stretch 
the linked molecule. 
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An example of a sample force measurement as described above is shown in 
Figure 3 where two complimentary strands of DNA 20 are immobilized on the tip and 
sample surfaces 22 and 24, respectively. By modulating the tip-sample separation, a 
force curve such as that shown in Figure 2 can be generated. As a result, a quantitative 
measurement of the forces and energetics required to stretch and un-bind the DNA 
duplexes can be mapped. 

In sum, a simple force curve records the force on the tip of the probe as the tip 
approaches and retracts from a point on the sample surface. A more complex 
measurement known as a "force volume," is defined by an array of force curves obtained 
as described above over an entire sample area. Each force curve is measured at a unique 
X-Y position on the sample surface, and the curves associated with the array of X-Y 
points are combined into a 3 -dimensional array, or volume, of force data. The force 
value at a point in the volume is the deflection of the probe at that position (x, y, z). 

Although SPMs are particularly useful in making such measurements, there are 
inherent problems with known systems. In particular, typical SPMs use conventional fine 
motion piezoelectric scanners that translate the tip or sample while generating 
topographic images and making force measurements. A piezoelectric scanner is a device 
that moves by a microscopic amount when a voltage is applied across electrodes placed 
on the piezoelectric material of the scanner. Overall, the motion generated by such 
piezoelectric scanners is not entirely predictable, and hence such scanners have 
significant limitations. 

A conventional AFM 30 including a piezoelectric scanner 32 is shown in Figure 
4. Scanner 32 is a piezoelectric tube scanner including an X-Y section 34 and a Z section 
36. In this arrangement, Z section 36 of scanner 32 is adapted to support a sample 42. 

To make a force measurement, section 34 of scanner 32 translates sample 42 
relative to probe 44 of AFM 30 to a selected position (X,Y). As noted previously, to 
actuate scanner 32, sections 34, 36 include electrodes placed thereon (such as 38 and 40 
for the X-Y section) that receive appropriate voltage differentials from a controller that, 
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when applied, produce the desired motion. Next, Z section 36 is actuated to translate 
sample 42 toward a tip 46 of probe 44, as described in connection with the force curve 
measurement shown in Figures 1 A- IE and 2. Again, as tip 46 interacts with sample 42, a 
cantilever 48 of probe 44 deflects. This deflection is measured with a deflection 
detection system 50. Detection system 50 includes a laser 51 that directs a light beam 
"L" towards the back of cantilever 48, which is reflective. The beam "L" reflects from 
cantilever 48, and the reflected beam "L" contacts a beam steering mirror 52 which 
directs the beam "L" towards a sensor 54. Sensor 54, in turn, generates a signal 
indicative of the cantilever deflection. Because cantilever deflection is related to force, 
the deflection signals can be converted and plotted as a force curve. 

Standard piezoelectric scanners for SPMs usually can translate in three 
substantially orthogonal directions, and their size can be modified to allow scan ranges of 
typically several nanometers to several hundred microns in the X-Y plane and typically 
<10 microns in the Z-axis. Moreover, depending on the particular implementation of the 
AFM, the scanner is used to either translate the sample under the cantilever or the 
cantilever over the sample. 

The methods and limitations described above pertaining to current typical 
scanners in SPM are in many cases acceptable in applications where a probe microscope 
is being used in conventional imaging modes in which the XY motion is typically 
periodic and it is acceptable to use a relative measure of Z movement. 

However force spectroscopy experiments typically demand more precise control 
of relative tip-sample motion, particularly in the Z-axis (the axis substantially 
perpendicular to the sample surface). 

Typical piezoelectric scanners do not exhibit linear motion, i.e., a given change in 
the applied drive voltage to the piezo will result in a different magnitude of motion in 
different areas if the operating range. Typical piezoelectric scanners also commonly 
exhibit hysteretic motion, i.e., if a particular voltage ramp is applied to the scanner and 
then the ramp is re-traced exactly in reverse, one finds that the scanner follows a different 
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position path on the extend versus the retract. Piezoelectric scanners also "creep," which 
means that they continue to extend or retract for a period of time after the applied drive 
voltage has stopped changing. Piezoelectric tube scanners also typically have low 
resonant frequencies in the Z-axis. Those skilled in the art recognize that this represents 
a serious limitation on the range of operating speeds for which the scanner is useful. This 
is because the piezoelectric material undergoes complex oscillatory motion when passing 
through and near the resonant frequency. 

Any one or more of these limitations clearly jeopardize the integrity of the tip- 
sample motion, and therefore the corresponding data collected is of marginal usefulness. 
Overcoming these limitations is one of the key goals of this invention. 

Alternative means of relative tip-sample motion exist that address these concerns, 
although they can create new problems. For instance, sensors can be coupled to 
piezoelectric scanners by various means well-known in the field. Such sensors can 
produce a more accurate record of motion compared to the more usual assumption that 
the control voltage is representative of the motion. However, adding sensors to a scanner 
only detects, not corrects, these undesirable motions. However, such sensored scanners 
can be used in a closed-loop feedback configuration in which the motion is monitored 
during a change in position and the applied drive voltage is modified as necessary to 
make the actual path of motion more closely match the path specified by the control input 
signal. Such sensored and closed-loop scanners are most commonly implemented in 
conjunction with a different mechanical design of the scanner known as a piezo-actuated 
flexure stage ("stage"). These stages contain mechanical constraints (flexures) on the 
motion of the stage intended primarily to constrain the motion of the stage to one axis and 
to mechanically stiffen the stage. This design also presents more obvious possibilities for 
incorporating a sensor than piezoelectric tube designs, although either is feasible in 
practice. The flexure stage offers the additional advantage of increasing the resonant 
frequency of the stage relative to a piezoelectric tube scanner with similar range. 

Nevertheless, although the above may seem to suggest a design including closed- 
loop flexure stages in all three axes, in practice such a design has significant drawbacks. 
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Among the disadvantages of a three-flexure stage design, is that 3-axis flexure stages are 
much larger than a typical piezoelectric tube scanner of similar range due to the added 
mass and volume of the constraining mechanism and sensors. In practice, larger designs 
more readily couple outside vibrational and acoustic noise sources into the motion of the 
scanner, which significantly degrades the scanners usefulness for force spectroscopy. 
Closed-loop flexure stages are also significantly more expensive than piezoelectric tube 
scanners of similar range. 

Therefore, the use of flexure stages for all three axes is not desirable for the 
design of a compact, low-noise, relatively inexpensive instrument. 

There are also drawbacks associated with the methods employed to make 
conventional force curve measurements. Experimentally, a force curve measurement is 
made by applying, for example, a cyclical triangle wave voltage pattern to the electrodes 
of the Z-axis scanner as shown in Figure 5 A. The triangle wave drive signal causes the 
scanner to expand and then contract in the vertical direction, generating relative motion 
between the probe and the sample. In such a system, the amplitude of the triangle wave 
as well as the frequency of the wave can be controlled so that the researcher can linearly 
vary the distance and speed that the AFM cantilever tip travels during the force 
measurement. In Figure 5B, a drive signal similar to that shown in Figure 5A is 
illustrated. However, in this case, the drive signal includes a pause between each change 
in the direction of Z scanner motion. In each case, the drive signal is cyclical. However, 
oftentimes it is desired to modify the parameters of the force measurement in a non- 
cyclical manner, including the speed at which the tip-sample separation is modulated, the 
duration of a pause (to allow molecular binding between tip and molecules on the 
surface, for example), etc. to analyze forces corresponding to, for example, complex 
mechanical models of certain samples. In this regard it is notable that conventional 
systems often lack flexibility in making measurements that are non-cyclic. Therefore, a 
system was desired in which the flexibility in performing the force measurement is 
improved. For example, a specific change or rate of change in tip-sample force or a 
specific value of a tip-sample force may indicate some property pertaining to the sample 
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in question. In response, it would be desirable to alter a force curve measurement 
parameter (such as the speed of the movement) in response to a specific measurement 
condition. Or, for example it may be desirable to instead of following a path of position 
(separation) versus time, follow a path of force versus time where the position 
(separation) is controlled to produce the desired force profile. 

Although this example relates specifically to AFM force measurements that use 
cantilever deflection as a measure of force, those skilled in the art will recognize that 
there are other physico-chemical properties that can be measured using substantially 
similar probes, instrumentation, and algorithms. 

There exists a variety of instrumentation and techniques for making force 
spectroscopy measurements. However, the most common mode of operation is like that 
described above where the probe-sample separation is reduced until the probe is in 
contact with the sample (extend). Often the movement is paused at this point to allow the 
probe to bind to the sample (i.e.,- a molecule on the surface). After a brief time (typically 
1-10 seconds), the probe-sample distance is increased (retract), which pulls on the linkage 
formed, and, in the case of a molecule binding, stretches the molecule. Usually these 
measurements are automated such that the probe microscope instrument cyclically 
repeats the extend/retract and automatically captures the data. 

This automated technique is well suited for the collection of large amounts of 
data, which is often desirable since the data is frequently presented as a histogram of the 
probe-sample interaction. However, the technique is not well-suited to exploratory type 
measurements since it is not always obvious at the beginning of an experiment what the 
appropriate measurement parameters should be set to. For instance, the distance that the 
probe-sample separation is changed, the speed at which it changes, the amount of time 
the probe pauses on the surface, and other parameters are all variables which are set 
individually for each new type of experiment. It becomes even more difficult to estimate 
distance, speeds, and pause times in more complex experiments where, for instance, the 
user may wish to partially stretch a molecule, then pause to let it relax, and then decrease 
the probe-sample distance to allow the molecule to re-fold. In these cases, the appropriate 
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way in which the experiment should be done might be most easily discerned in real-time 
by the operator during the experiment itself. 

In fact, devices in probe microscope instruments have been to allow manual 
control of probe-sample distance. One, for instance, includes a means on the controller 
that, among other things, can be used to control the probe-sample separation. However, 
merely having manual control of the probe-sample separation is not enough to make the 
device useful. Without some reliable, real-time feedback of the probe-sample interaction 
the user is essentially "flying blind" while attempting to manipulate the molecule or other 
sample. The situation is akin to trying to manipulate a macroscopic object using your 
hands, but where you can neither see the object or your hands nor can you feel anything 
with your hands or arms. One of the key elements to making manual control of probe- 
sample separation useful is to provide real-time tactile (haptic) feedback of the probe- 
sample interaction directly to the manual control device. 

Attempts have been made to merge haptic technology with probe microscopy 
technology. One three-dimensional tactile feedback device moves a probe in three 
dimensions and provides tactile feedback to the control. Essentially it is a stylus type 
device mounted to a base via several pivot points. However, this device is not optimized 
for single molecule force measurements because, as appreciated by those skilled in the 
art, the ability to change probe-sample separation in only one-axis is difficult with a 
three-axis device. Furthermore, making fine adjustments to the position of the end of the 
stylus in free air is difficult at best, even with steady hands. 

Moreover, the useable range and sensitivity of such a device is inherently limited 
by the dimensions of the device. More particularly, there is a fixed physical distance 
between the maximum and minimum distance that the stylus can move. This distance 
must either correspond to the full range of the probe microscope axis, for example 20 
microns, which would give poor fine control and sensitivity, or the range must be limited 
to a smaller size, for example 1 micron, which would give better sensitivity and control, 
but only over a small distance. This drawback with respect to sensitivity and control is 
the same one that limits the usefulness of another probe microscope haptic device. In that 
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device, a lever pivots at one end over an arc of 180 degrees. Lever motion controls 
probe-sample separation, while a mechanism is included to provide resistance to 
movement during operation. But again, this device is of limited utility since the range of 
motion has a definite limit. 

5 It was therefore determined that the field of force spectroscopy using probe 

microscopy was in need of an invention that overcame the limitations associated with 
known systems. Namely, a manual device was needed for changing probe-sample 
distance so as to provide both good spatial resolution (including the ability to move 
smoothly over a very small distance), and real feedback, haptic, or otherwise, based on 
10 the probe-sample interaction. 

SUMMARY OF THE INVENTION 

The preferred embodiment overcomes the drawbacks of prior art systems by 
providing a force scanning probe microscope (FSPM) that combines a flexured Z stage 

15 and a piezoelectric tube XY scanner with a manual control device that allows a user to 
manipulate tip-sample separation according to an alert feedback, such as a tactile or audio 
alert. More particularly, the manual control device is preferably a rotatable knob having 
a range of motion greater than 180°. Moreover, the alert feedback is preferably provided 
via a resistance device, such as a brake that alters the torque required to turn the knob in 

20 response to a measured force. 

According to a first aspect of the preferred embodiment, a probe microscope 
includes a probe and a scanner, the scanner generating relative motion between a probe 
and a sample. In addition, a manual input device is provided to control a separation 
between a sample and a probe, wherein the manual input device has a substantially 
25 unlimited range of mechanical motion. The detector is used to generate a signal related 
to movement of the probe (for example, deflection). Moreover, the microscope has an 
alerting device that is responsive to the signal to provide feedback to an operator, the 
feedback being indicative of interaction between the sample and the probe. 
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According to another aspect of the preferred embodiment, the manual input 
device is a rotatable knob. Also, the alerting device is a mechanical resistance device 
coupled to the knob to provide the feedback to the user. 

According to a still further aspect of this embodiment, the resistance device is a 
passive resistance device that changes an amount of torque necessary to turn the knob. In 
addition, the amount of torque is related to a magnitude of the interaction. 

According to yet another aspect of this embodiment, the feedback produces an 
audible output. Preferably, the audible output (e.g., pitch or volume) is proportional to a 
magnitude of the interaction. 

In another aspect of this embodiment, a displacement sensor measures the relative 
motion between the probe and the sample and generates a corresponding position signal. 
Also, a closed-loop feedback controller generates a drive signal in response to the 
position signal. 

According to a further aspect of the preferred embodiment, a method of making a 
force curve measurement on a sample includes the steps of manually controlling a 
separation between a probe and the sample, and then measuring the separation. The 
method also includes detecting a force on the probe in response to the generating step. 
The method also provides an alert based on the detected force. 

According to another aspect of this embodiment, the providing step includes using 
a brake to control a torque required to rotate the knob. Moreover, the torque is 
proportional to the force. 

According to a still further aspect of this embodiment, the method further includes 
the step of repeating the controlling step in response to at least one of the measuring step 
and the detecting step. 
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In yet another aspect of the preferred embodiment, a probe microscope including 
a probe that interacts with a sample includes a manual rotary input knob that modulates a 
separation between the probe and the sample. In this arrangement, the knob has a range 
of motion greater than 180°. The microscope also includes an alerting device responsive 
5 to interaction between the probe and the sample so as to provide feedback to the operator, 
wherein the feedback is indicative of a magnitude of the interaction. 



u 



In another aspect of this embodiment, the alerting device is a brake. Moreover, 
the brake can be a passive resistance device that changes a torque required to rotate the 
10 knob. 



Cj These and other objects, features, and advantages of the invention will become 

CH apparent to those skilled in the art from the following detailed description and the 

*jg accompanying drawings. It should be understood, however, that the detailed description 

0 1 5 and specific examples, while indicating preferred embodiments of the present invention, 

H> are given by way of illustration and not of limitation. Many changes and modifications 

Si may be made within the scope of the present invention without departing from the spirit 

W 

IP thereof, and the invention includes all such modifications. 

Q 

20 

BRIEF DESCRIPTION OF THE DRAWINGS 

A preferred exemplary embodiment of the invention is illustrated in the 
accompanying drawings in which like reference numerals represent like parts throughout, 
and in which: 

25 Figures 1 A- IE illustrate a probe of an SPM as it is actuated to approach and 

retract from a surface so that the tip-sample forces can be mapped; 

Figure 2 is a plot illustrating force data obtained by the operation shown in 
Figures 1A-1E; 
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Figure 3 is a partially broken away front elevational view of a DNA sample 
bonded between an AFM tip and a substrate; 

Figure 4 is a front elevational view of a standard SPM including a conventional 
piezoelectric tube actuator; 

Figure 5A is a plot illustrating a cyclical drive signal having a particular 
amplitude and speed for making a force curve measurement; 

Figure 5B is a plot similar to Figure 5A illustrating a cyclical drive signal, 
characterized as including a pause between changes in the direction of actuation of the Z 
piezo; 

Figure 6 is a diagram illustrating a force scanning probe microscope (FSPM) 
system according to a preferred embodiment of the invention, including a sensored 
scanner, a control system that maximizes force curve measurement flexibility and a 
mechanical feedback user interface; 

Figure 7 is a diagram further illustrating the FSPM of the preferred embodiment, 
including a force mode controller feedback system; 

Figure 8 is a side elevational view of the FSPM of the preferred embodiment, 
illustrating the Z sensor; 

Figure 9 is a cross-sectional front elevational view of the force spectroscopy 
scanner shown schematically in Figures 6, 7 and 8; 

Figure 10 is a cross-sectional schematic view of a typical sensored Z stage 
(already known in the prior art) preferably implemented in the scanner of Figure 9; 

Figures 1 1 A-l 1C illustrate alternate embodiments of the configuration of the 
scanner of the FSPM of Figures 6-10; 

Figure 12 is a flow diagram illustrating a method of automatically effecting a 
force curve measurement with a selected position gradient; 
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Figure 13A is a plot illustrating a user-defined tip-sample separation gradient used 
to drive the Z piezo; 

Figure 13B is a plot illustrating a force versus time curve associated with 
actuating the Z piezo as shown in Figure 13 A; 

Figure 13C is a force curve generated by combining the position and cantilevered 
deflection time dependent plots shown in Figures 13A and 13B, respectively; 

Figure 14 is a flow diagram illustrating a method of driving a force curve 
measurement with a selected force gradient; 

Figure 15A is a plot illustrating a user-defined force gradient used to control the 
actuation of the Z piezo; 

Figure 15B is a plot illustrating a Z piezo position profile that results from the 
force gradient input shown in Figure 1 5 A; 

Figure 15C is a force curve generated by combining the time dependent curves 
shown in Figures 15A and 15B; 

Figure 16 is a flow diagram illustrating a method of automatically driving a force 
curve measurement according to one or more trigger conditions; 

Figure 17 is a plot illustrating trigger events that cause a change in the drive 
signal during a force measurement operation, according to the preferred embodiment; 

Figure 1 8A is a plot illustrating an example of a force gradient such as that shown 
in Figure 15 A; 

Figure 18B is a plot illustrating the Z piezo movement that results by inputting the 
user-defined force gradient shown in Figure 18A for a hard surface; 

Figure 1 8C is a plot illustrating the Z piezo movement that results by inputting the 
user-defmed force gradient shown in Figure 18A for a soft surface; and 
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Figure 19 is a diagram illustrating the manual feedback user interface shown in 
Figure 6, according to the preferred embodiment. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

Turning initially to Figure 6, a force scanning probe microscope (FSPM) 100 that 
provides highly accurate force measurements, including force volume measurements, 
with a high degree of data acquisition flexibility is illustrated. FSPM 100 includes an 
atomic force microscope (AFM) 102, a data acquisition and control system 104, and a 
user interface 106. Probe microscope 102 includes a probe 108 having a cantilever 110 
extending from a substrate 1 12. Cantilever 1 10 includes a free end to which a tip 1 14 is 
coupled so that it extends generally orthogonal to cantilever 110. Probe 108 is placed in 
a support (not shown), such as a conventional probe holder, thus collectively defining a 
probe assembly. 

Next, a sample 1 1 6 is mounted on a piezoelectric scanner 1 1 8 in a conventional 
fashion. The sample 1 16 may, for instance, comprise a single molecule of a substance of 
interest. In the preferred implementation, scanner 1 18 is used to actuate the sample in 
three substantially orthogonal directions, X, Y, and Z. Notably, movement in the X,Y 
directions defines a scan plane generally parallel to the measured surface of the sample 
116, and movement in Z is substantially orthogonal to the scan plan. An important aspect 
of making the force measurements contemplated by the present invention is precisely 
modulating the tip-sample separation so the two interact at a particular scan location (x, 
y). In this regard, some combination of moving both the tip and the sample could be 
implemented for providing the relative 3-D movement. 

According to the preferred embodiment, and as described in further detail below, 
scanner 1 18 includes an X-Y tube scanner 120 that is mounted to the AFM chassis (160 
shown in Figure 8) and moves sample 1 16 in the scan plane, i.e., generally parallel to a 
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top surface of scanner 118 and the sample surface. As a result, tube 120 operates to 
position a selected point of the sample beneath, and in-line with, tip 1 14 of probe 108. 
Scanner 118 also includes a sensored Z actuator 122, which is supported by X-Y tube 
120, and shown schematically in Figure 10. 

During FSPM operation, sensored Z actuator 122 translates sample 1 16 towards 
("approach") and away from ("retract") tip 1 14 of probe 108 causing interaction between 
sample 1 16 and probe 108. In that regard, as probe tip 1 14 and sample 1 16 interact, 
cantilever 110 deflects. This deflection can be measured as a function of Z movement 
provided by scanner 118 (for example, one or more approach/retract cycles), and the 
corresponding data can be used to plot a force curve. 

The preferred method by which the deflection is measured is by employing a 
deflection detection apparatus 123 that directs a light beam "L" generated by a source 
124 towards the back of cantilever 110. The beam L is then reflected off cantilever 1 10 
and towards a detector 126. The detector 126 can be, for example, a conventional four- 
cell photodetector that generates a deflection detection signal based on the position of the 
reflected beam. This signal is then transmitted to data acquisition and control system 
104 that communicates with scanner 1 18 in a closed loop configuration to modulate the 
tip-sample separation based on a particular set of imaging parameters, as described in 
further detail below. Preferably, the light beam is produced by a low noise, low 
coherence length light source 124 (i.e., laser or super luminescent diode). 

Notably, such a probe microscope may be operated in a mode where some other 
probe motion besides deflection (e.g., oscillatory motion) is measured, or wherein the 
motion (i.e., deflection) of the probe is maintained at some setpoint by application of 
some external force (i.e., laser pressure), and thus the magnitude of this external force is 
related to the tip-sample interaction. 

As described in greater detail below in conjunction with Figures 9 and 10, X-Y 
scanner 120 is preferably a piezoelectric tube scanner that is coupled to sensored Z 
actuator or stage 122 via an appropriate coupling. Sensored Z actuator 122, on the other 
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hand, is preferably a piezoelectric flexured stage actuator constructed from a metal mass 
and including flexure points that provide constrained motion in the intended direction, 
i.e., in the vertical or "Z" direction in this case. The combination of a tube scanner and a 
flexure stage actuator provides significant advantages in making force measurements, 
including scan range, predictable, repeatable motion, and high resonance frequency, 
detailed below. 

With continued reference to Figure 6, data acquisition and control system 104 
communicates with scanner 1 18 to actuate the scanner according to particular force 
measurement parameters. More particularly, control system includes a force controller 
128, an AFM controller 130 and a computer 132. Force controller 128 operates to 
modulate tip-sample separation and ensure that the desired Z actuator motion is being 
maintained via feedback from a sensor (162 in Figure 8) that monitors either the actual 
motion of sample 1 16, or the tip-sample separation directly. Force controller 128 is also 
coupled to SPM controller 130 that controls motion of scanner 1 18 to image surface 
characteristics, for example, to obtain a topography image using a selected SPM mode of 
operation (e.g., oscillating mode). 

Force controller 128 and SPM controller 130 further communicate with computer 
132 which provides, in at least some embodiments of the present invention, instructions 
to controllers 128, 130 according to desired experiments. In general, desired force 
measurement parameters are communicated to data acquisition and control system 104, 
so as to achieve flexibility in making force measurements on a wide range of samples 
(see Figures 13A-C, 15A-C, 17 and 19 and their corresponding descriptions) and acquire 
a permanent record of the data. 

Note that the exact nature and routing of the signals and the various controllers to 
which are referred are relatively unimportant. For instance, control and data channels 
could be transmitted as analog or digital signals. The separation of control functions into 
three nominal controllers/computers could just as well be accomplished with a single 
controller/computer in hardware or software. In short, those skilled in the art could 
readily conceive other schemes of implementation for the control and data acquisition 
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algorithms described which would still not deviate from the spirit and scope of the 
underlying inventive concept. 

In this regard, force measurement parameters may be modified according to 
communications from user feedback interface 106 to either computer 132 for automatic 
control, or directly to force controller 128 for manual control. For example, the control 
provided by control system 104 may be defined by a user waveform input 134, or a user 
trigger input 136, according to the operator's desired force measurement, as described in 
detail below in conjunction with Figures 12-17. On the other hand, rather than providing 
computer control of desired force measurement parameters, these parameters can be 
communicated directly with the four controller 128 via a mechanical feedback user 
interface 140. 

Mechanical feedback user interface 140 of system 100 is coupled to force 
controller 128 to allow the user to manually adjust the actuation of scanner 118. 
Therefore, the user can correspondingly adjust the tip-sample separation. Mechanical 
feedback interface 140 preferably includes a manipulatable device such as a rotary knob 
142 which a user manually manipulates to displace the sample (or probe as appropriate 
for the particular implementation) to cause sample 1 16 to interact with tip 1 14 of the 
probe 108. In this way, as described in further detail in conjunction with Figure 19, the 
user can essentially "feel" the sample structure and properties associated with sample 
116, based on a measured force that is fed back to manual interface 140 as an alert. In 
the preferred embodiment, this alert signal can be used to alter a characteristic associated 
with manipulating knob 142, e.g., torque. The operator can then adjust tip-sample 
separation to stretch molecules, observe unfolding/refolding of protein domains, etc. 
Manual interface 140 preferably also includes a display 144 so the FSPM operator can 
monitor quantitative values associated with the forces being sensed. 

Still referring to Figure 6, computer 132 is coupled to a display 138 to present the 
actual force, force volume, or SPM image data to the FSPM operator. Moreover, 
computer 132 of system 104 communicates with a keyboard/mouse or other suitable user 
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interface 146 to allow these various options to be selected by an operator via, for 
example, a graphical user interface (GUI) (not shown). 

Turning to Figure 7, FSPM 100 is shown in further detail. In particular, the force 
feedback mechanism of the preferred embodiment is illustrated. Force controller 128 of 
data acquisition and control system 104 includes a Z position drive/feedback loop 148 
including a closed-loop control block 150, preferably, conventional analog circuitry 
including a comparator and a gain stage (not shown), that generates a drive signal that 
controls piezoelectric flexured Z actuator 122 to maintain linear motion of Z actuator 
122; in other words, motion corresponding to the desired Z motion as defined by the user 
input. Control block 150 generates Z-stage drive signal based on two inputs, a first being 
the actual Z motion measured by sensored Z actuator 122, and the second being the 
desired Z actuator motion transmitted automatically from computer 132 as a Z position, 
input waveform 154 as detailed below, or manually from manual input device 140. 

With respect to the desired Z actuator motion, flexibility in making corresponding 
force curve measurements is achieved by controlling the tip-sample separation via Z 
actuator 122. This motion of Z actuator 122 can be defined by a standard input for 
making force curve measurements, such as a cyclic triangle wave, as described 
previously (Figure 5 A), or it could be a more complex user-defined input. For example, a 
deflection force feedback block 152 may be employed in conjunction with the Z position 
waveform 154 to maintain a particular force or force profile, or to change a force 
measurement parameter in response to a "trigger" condition, as shown and described in 
conjunction with Figures 14, 15A-C, 16 and 17. Alternatively, the Z position waveform 
block 154 can input an appropriate profile to computer 132 that can then be 
communicated to force controller 128 to define a predetermined Z position profile over 
time (Figures 12 and 13A-C). In yet another alternative, rather than automatically 
controlling Z actuator 122 to make selected force measurements, the desired actuator 
motion may be controlled manually during acquisition of force data by an operator via 
manual input device 140 (Figure 19). 
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Referring to Figures 6 and 7, in operation, as tip-sample separation is modulated 
(in the preferred embodiment, by actuating Z actuator 122), probe 108 interacts with 
sample 116. As a result, the motion of cantilever 110 of probe 108 changes and this 
change in motion is detected by detector 126. Detector 126, as described previously, 
5 generates a probe motion signal (for example, if detector 126 is a split photodiode, the 
quantity (A - B)/(A + B) defines the deflection) that is transmitted to computer 132. 
Computer 132 includes a detector measurement circuit 158 that receives the deflection 
detection signal and, in response, determines the force acting on probe 108. Deflection 
force feedback block 152 of computer 132 then determines whether a particular force is 
10 being maintained (force profile input), or whether a trigger condition is satisfied. In 
p response, feedback block 152 generates and transmits an appropriate control signal to 

O force controller 128 (Figure 6), which generates a Z-stage drive signal to control actuator 

Q 

SI 122 translation according to the user's specifications for that particular force 

jh measurement, i.e., to maintain or change the force measurement parameters, such as 

P 15 direction of Z motion, speed, etc., as described further below. Computer 132 may also 



a 



include one or more Z-position input waveforms that may be selected by an operator 
(again, preferably via a GUI) to allow the user to flexibly control the actuation of the Z 



6] piezo according to a particular experiment to be performed (Figures 1 2 and 1 3 A-C). 

The position input to control block 1 50 input is the actual motion of Z actuator 
20 122, as measured by a sensor (162 in Figure 8). During a force measurement, the sensor 
measures the motion of Z actuator 122 and generates an associated Z actuator position 
signal that it transmits to control block 150 of force controller 128. Control block 150 
then determines whether the actual translation of Z actuator 122 is the same as (i.e., linear 
with) the instructed Z actuated movement provided by either computer 1 32 or manual 
25 input device 140. If not, control block 150 generates an appropriate Z-stage drive signal 
to correct any Z translation that does not correspond to the user's input. In this way, 
precision in modulating the tip-sample separation is maintained. 

In Figure 8, the sensor feature aspect of scanner 118, and in particular Z actuator 
122, is shown. SPM 102 of system 100 includes a chassis 160 to which the deflection 
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detection system 123 and the probe assembly, including probe 108 and mount 1 17, are 
coupled. Chassis 160 also supports scanner 118, which is fixed thereto. Again, the X-Y 
translation of scanner 1 18 is provided by piezoelectric tube scanner 120, while the Z 
translation is provided by flexured piezoelectric actuator 122. To monitor the translation 
of Z actuator 122, a sensor 162 is preferably coupled to Z actuator 122. Ideally, sensor 
162 is a capacitive sensor that measures the translation of the Z actuator 122 (and, hence, 
translation of the sample 1 16) by measuring the capacitance change caused by a change 
in the separation of the plates of the capacitor. Referring briefly to Figure 10, one 
arrangement of the plates of capacitive displacement sensor 162 is shown. An upper 
plate 163 is fixed to a stationary portion of flexure stage 122, while a lower plate 164 is 
fixed to a translatable portion 168 of stage 122. As a result, when the Z actuator 122 is 
actuated, movement of translatable portion 168 (and thus sample 116) causes the 
perpendicular separation between plates 163, 164 to be modified. This change in 
separation is measured to determine actual Z translation causes a corresponding change in 
the measured capacitance. Notably, because the flexure stage from the Z actuator 122 is 
robust, the separation between plates 163, 164 along their surface areas remains constant 
(i.e., they maintain their parallel relationship) when Z actuator 122 is actuated. 
Moreover, although a parallel plate capacitor is preferred, sensor 162 could be an 
alternative type of sensor such as a piezo-resi stive sensor mechanically coupled to a 
reference and the translatable portion of the piezoelectric Z-stage (i.e.- LVDT, or strain 
gauge sensors). 

As noted above, inaccuracies in tip/sample positioning can arise due to residual 
mechanical effects such as hysteresis, creep, thermal expansion, etc. that can act on all or 
part of the AFM system. Because, in making force measurements, it is the tip-sample 
separation that is critical, an arrangement that eliminates or minimizes these effects was 
desired. In this regard, an alternative to the sensor arrangement described above, also 
shown in Figure 8, includes coupling a total system proximity sensor 165, such as a 
capacitive sensor, between the sample and the probe itself to provide a direct measure of 
tip-sample separation. As a result, by measuring the actual tip-sample separation 
between sample 116 and tip 1 14 with sensor 165, position feedback loop 148 (Figure 7) 
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maintains a high degree of positioning accuracy. Such a total system proximity sensor 
165 essentially eliminates the effects of hysteresis, creep, and thermal expansion because 
these effects occur with respect to the sample and probe assembly simultaneously. If the 
parallel plates of a capacitive sensor are coupled to the sample and probe assembly, 
respectively, these potentially damaging effects cancel each other out when tip-sample 
separation is measured. 

Next, a detailed view of force spectroscopy scanner 1 18 is shown in Figure 9. 
Scanner 118 provides movement of a sample (1 16 in Figure 6, for example) in three 
orthogonal directions, which we refer to hereinafter as movement in X, Y and Z. Note 
that scanner 118 operates to move sample 116 underneath probe 108 (Figure 6), and that 
movement in X and Y defines a plane generally parallel to a surface of the sample. 
Again, although force measurements are made at a particular sample location (x,y), 
movement in the XY plane is required for analyzing different regions of the sample. By 
generating force curves at a variety of XY locations of the sample, a force volume image 
may then be generated, for example. 

Scanner 118 includes a scanner mounting base 169 that is coupled to the chassis 
(160 in Figure 8), and that serves as a reference for position measurements. A scanner 
core 172 extends upwardly from scanner mounting base 169 and is coupled thereto. 
Scanner core 172 defines a tubular structure that encloses and protects piezoelectric XY 
tube scanner 120, as well as flexured Z actuator 122. Scanner core 172 is preferably 
made of a metal, ideally a commercially available steel such as INVAR. 

Z actuator 122 is coupled to XY tube scanner 120 via an XY-Z coupling 174. 
XY-Z coupling 174 is a cap that is positioned over the top of tube scanner 120 and that 
provides a mounting surface 176 for fixing flexured Z actuator 122 to XY tube scanner 
120 conventionally. When the actuator 122 is assembled, axes passing through the center 
of each of the coupled scanner portions are generally collinear. 

In this arrangement, translation of XY tube scanner 120 causes corresponding 
movement of flexured Z actuator 122. Notably, by positioning tube scanner 1 20 beneath 
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Z actuator 122 the X-Y movement produced by tube scanner 120 is amplified at a free 
end 178 of scanner 118. 

Notably, a conventional piezoelectric tube scanner, such as scanner 120 employed 
in the preferred embodiment, provides a limited range of motion, such that the scan range 
(i.e., in the XY plane) provided by scanner 118 alone is less than ideal. However, in the 
preferred design shown in Figure 6 (and in more detail in Figure 9), greater XY scan 
range is achieved due to the fact that the object being moved by scanner 1 1 8 is displaced 
from tube scanner 120 a distance generally equal to the length of sensored Z actuator 122, 
which is supported by tube scanner 120. In other words, scanner 118 mechanically 
amplifies the XY range afforded by scanner 118. 

It follows that the larger distance between tube 120 and the object being moved, 
in this case a sample placed at the free-end 178 of scanner 118, the larger the 
amplification. In this regard, to further amplify movement of free end 178 of the scanner 
118 produced by the XY tube scanner, a cylindrical Z extension 180 can be included, as 
shown in Figure 9. Z extension 180 has opposed ends including a first end 182 which is 
fixed to a top portion 186 of Z actuator 122 via a mounting flange or ring 188, and a 
second end 184 that is configured to support a sample holder 185. As with the X-Y tube 
scanner 120 and Z actuator stage 122, Z extension has a central axis collinear with the 
central axis of scanner 118. The sample holder is conventional in the art, such as that 
shown in U.S. Pat. No. Re 34,485. As with piezoelectric Z actuator 122, Z extension 180 
is preferably made of INVAR. To minimize the mass of extension 180, and thus 
compromising the strength of scanner 1 18, a plurality of holes 190 are formed therein. 

In Figure 10, a typical flexured Z actuator stage 122 of force spectroscopy scanner 
118, which is adapted for providing Z position feedback as described previously, is 
shown schematically. Z actuator 122 includes a mounting surface 192 that is coupled to 
X-Y tube scanner 120 as shown in Figure 9 with XY-Z coupling 174. Z actuator 122 is 
preferably a metal block (e.g., Invar) having portions thereof removed to create a fixed 
section or frame 166 and a translatable section 168 coupled to provide constrained 
motion in Z, i.e., in a direction perpendicular to surface 120. Linking fixed and 
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translatable portions 166, 168, respectively, are weakened points that permit movement 
of the metal mass when forces are applied thereto. In particular, the metal block includes 
a series of flexure points 194, 196, 198, 200 formed to constrain motion of translatable 
portion 168 in a plane orthogonal to the vertical or Z direction (i.e., in the XY plane), 
while allowing motion of portion 168 in the vertical direction. 

More particularly, each of the flexure points 194, 196, 198, 200 comprises a web 
of metal that can "flex" to allow a sample (1 16 in Figure 6) mounted on a 
translating/mounting surface 170 of translatable portion 168 to be translated in a direction 
orthogonal to mounting surface 170. Again, flexure points 194, 196, 198, 200 are 
coupled to fixed portion 166 and support center translatable section 168 of scanner 1 18. 

Translatable section 168 defines mounting surface 170 and also defines a lower 
contact surface 202 that interfaces with, preferably, a piezo stack 204 mounted within Z 
actuator intermediate a surface 206 of fixed portion 166 and contact surface 202. Piezo 
stack 204 is a conventional piezoelectric component that produces motion in a selected 
direction in response to appropriate voltages applied to electrodes placed on the 
piezoelectric material of piezo stack 204. Piezo stack 204 expands and contracts in 
response to the applied voltage signals such that the mechanical motion is transferred to 
center section 168 of Z actuator 122 via surface 202. Section 168, in turn, moves 
vertically as flexure points 194, 196, 198, 200 flex. In this case, piezo stack 204 is 
configured to move in a direction substantially orthogonal to mounting surface 120 in 
response to the control voltages. 

As noted above, to measure the motion in Z provided by actuator 122, first plate 
164 of capacitive displacement sensor is fixed to translatable section 168 of Z actuator 
122, while opposed plate 163 is mounted to a surface 165 of fixed portion 166 of Z 
actuator 122. As a result, movement of translatable section 168 relative to fixed portion 
166 can be precisely measured as a change in capacitance due to a change in the 
perpendicular separation "D" of plates 163, 164 of capacitive displacement sensor 161. 
More particularly, capacitance is proportional to one over the separation distance, i.e., C 
= eA/D, where "D" is the perpendicular distance between the parallel plates, thus 
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providing a measure of Z translation. Notably, plates 162, 164 of sensor 161 preferably 
are rings. 

In operation, a displacement signal is generated by sensor 161 and fed back to Z 
position feedback loop 148 (Figure 7) to determine whether the voltage applied to piezo 
5 stack 204 resulted in the intended motion. If not, one or more a correction Z-stage drive 
signals can be generated to provide the intended motion of sample 116. Again, this 
aspect of the preferred embodiment allows precise control of the scanner which is critical 
to achieving flexibility in making force measurements, to be described below. 

Notably, flexured Z actuator 122 shown in Figure 10, is configured according to 
Q 10 the schematic shown in Figure 8. However, as noted above, when a sample coupled to 



Q 



surface 170 is translated in the vertical direction, effects due to non-linearity, hysteresis, 

B1 creep, drift, etc., can contribute to the Z motion provided by actuator 122, thus causing 

J) positioning/spacing problems. Therefore, a sensor arrangement as shown in phantom in 

CJ Figure 8 may be preferred for measuring actual Z motion under certain environmental 

H 1 5 conditions, conducting particular experiments, etc. 
RJ 



a 



Scanner 118 also provides a high resonant frequency, three-dimensional actuator 



ft that achieves optimum performance in X,Y scan range and true Z motion in a small 

package. In the latter regard, the height of sensored Z actuator 122 is approximately 2" 
such that once the actuator 122 is coupled with piezoelectric XY tube scanner 120, 
20 scanner 1 1 8 is maintained in approximately the same package as a conventional XY-Z 
tube scanner. 

Overall, scanner 1 18 produces large Z position range, with substantial X-Y range, 
while being contained in a small package. Moreover, scanner 1 18 is readily adapted for 
Z sensing. As a result, scanner 1 18 is adapted to provide closed loop monitoring of tip- 
25 sample separation, while minimizing noise problems and having a high resonant 

frequency with respect to Z positioning (mechanical flexure driven by piezo versus a 
simple piezo stack or tube), which is particularly important when making force 
measurements. 
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Next, alternative configurations of force spectroscopy scanner 1 18 are shown in 
Figures 1 1 A-l 1C. In Figure 1 1 A, a scanner 210 includes a sectioned Z actuator (tube or 
stack) 212 that is disposed on top of a flexured Z actuator 214 which, in turn, is mounted 
on an XY tube 216. Because XY tube 216 is arranged at the bottom of scanner 210, a 
relatively wide range of XY scanning capability is achieved, for reasons described 
previously. Z tube 212 is adapted to accommodate a sample (not shown) and provides 
motion generally orthogonal to a surface of the sample to modulate tip-sample separation 
according to the user's requirements. In this arrangement, flexured Z actuator 214 may 
provide coarse adjustment of tip-sample separation, while Z tube 212 can be 
implemented to provide a fine adjust of the tip-sample separation, i.e., movement of the 
sample. This may be particularly desirable when working with delicate samples. Or, Z 
tube could be driven by a high frequency oscillation to accommodate different modes of 
operation such as a mode similar to that described in the literature as "fly-fishing" in 
which the tip is oscillated at a relatively small amplitude and relatively high frequency 
(via acoustic or magnetic "AC" or TappingMode) while the tip-sample separation is 
reduced, with the desired result being that the probe "snags" or "catches" a single 
molecule on the surface. The addition of a second Z-axis piezo would allow a similar 
technique where the user can instead use the second piezo to provide the low amplitude / 
high frequency oscillation. 

In the alternative shown in Figure 1 IB, scanner 220 includes a flexured Z actuator 
224 that is positioned intermediate a sectioned piezoelectric Z tube 226 and a 
piezoelectric XY tube 222 on which the sample resides. Unlike the previous cases, in 
this arrangement, the Z actuators 224, 226 move the XY tube actuator 222. Therefore, 
scanner 220 provides the flexibility of the scanner shown in Figure 1 1 A. However, XY 
range of scanner is compromised, as it is disposed nearest the object to be translated, i.e., 
the sample. Finally, as shown in Figure 1 1C, a similar arrangement of a flexured Z 
actuator 236, an XY tube actuator 234, and a sectioned Z tube actuator 232 is shown. In 
this case, flexured Z actuator 236 is fixed to the SPM chassis to provide an actuator 
having superior strength to the previous embodiments. Moreover, XY scanning range is 
larger than scanning range of actuator 220 in Figure 1 IB due to the fact that the 
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perpendicular distance between the XY tube scanner 234 and the sample (disposed on the 
sectioned Z tube actuator) is larger. In each of the alternative configurations in Figures 
1 1 A-l 1C, to best determine tip-sample separation, the preferred Z sensing method 
includes utilizing sensor 165 shown in phantom in Figure 8, where a direct measure of 
separation is made. 

By utilizing the sensors of the preferred embodiment, FSPM 100 precisely 
controls the Z movement of the actuator 118, monitoring whether the Z movement is in 
the intended direction, such that significant flexibility in making force curve 
measurements can be achieved. In particular, according to a further aspect of the 
preferred embodiment as shown in Figures 12-17, methods are disclosed for altering a 
force measurement parameter based on a selected user-defined input. 

Turning initially to Figure 12, a method 250 of making a force curve 
measurement by driving the tip-sample modulation with a tip-sample separation gradient 
includes, initially, a start-up and initialization Block 252. Next, in Block 254, a signal 
corresponding to a first point of a defined input (in this case, a tip-sample separation 
gradient) is transmitted to the force controller (128 in Figure 7). Then, method 250 
generates a drive signal based on the tip-sample separation gradient for that point in 
Block 256. This drive signal is then applied, in Block 258, to the scanner (1 18 in Figure 
6). 

Method 250 then measures the Z position of the sample in Block 260 (Figure 8). 
Next, in Block 262, the method determines whether the movement in Z corresponds to 
the user-defined input (i.e., closed-loop Z-positioning). If not, a new drive signal to 
correct the Z motion is generated in Block 264 and method 250 is returned to Block 258 
to apply the new drive signal to the scanner. If, on the other hand, movement 
corresponds to the user-defined input, cantilever deflection is measured in Block 266. 
This data is collected and stored in Block 268 and then plotted as a force versus time 
curve for that point. Method 250 then returns operation to Block 254 to transmit a signal 
corresponding to the user-defined input for the next point of the position gradient. By 
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combining the position gradient and the force gradient (Block 258) a force versus 
separation profile, i.e., a force curve is generated in Block 270. 

An example of method 250 in operation is shown in Figures 13A-13C. The 
waveform shown in Figure 13A corresponds to user-defined input of Block 254. And, 
the corresponding forces between the AFM probe tip and the sample generated as a result 
of this position profile are measured and plotted in Figure 13B (Block 268). Notably, the 
velocity of this actuation is defined by the slope of the separation curve. Moreover, note 
that the zero ("0") piezo position corresponds to zero tip-sample separation, and that 
negative slope indicates movements upwardly, i.e., towards the probe as an increasing 
negative Z-position. A piezo position at or below "0" indicates no separation as sample 
engages the AFM tip and continues to move, potentially causing the cantilever to deflect 
while in contact with the sample. In that case, the tip of the probe may or may not be 
penetrating the sample, as may be indicated by the measured forces (Figure 1 3B). On the 
other hand, as the Z-piezo moves the sample downwardly (positive slope in Figure 13 A), 
tip-sample separation is increasing. However, as the Z-piezo is withdrawn past the zero 
position (initial tip-sample contact), the sample may bind to the tip such that there is zero 
actual tip-sample separation for a time as the cantilever deflects to follow the downward 
motion of the sample. 

Referring collectively to Figures 13A and 13B, as the sample approaches the tip 
of the cantilever starting at time t } , the tip experiences a force (Figure 13B) at about t 2 
where the cantilever begins to deflect upwardly, which is correspondingly sensed by the 
deflection detection system {see 123 in Figure 6). The flexured Z actuator 122 (Figures 
6-1 1) is then caused to translate further in the same direction, i.e., towards the fixed 
probe, and at the same velocity (constant slope). This movement of the flexured Z 
actuator is halted at a time t 3 where the probe experiences a positive deflection or force Fj 
as shown in Figure 13B. After holding the Z position constant for a period of time t 4 
minus t 3 (for example, to allow binding of a molecule to the tip), the direction of 
movement of the flexured Z actuator is reversed as the sample is pulled away from the 
tip. In this case, the positive deflection of the cantilever is reduced as it passes through 
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the zero piezo position (time t 5 ) where the tip is essentially resting on the sample as the Z 
actuator pulls the sample further away from the probe. As this actuation continues, 
binding between the tip of the probe and the sample produces a negative deflection and a 
corresponding negative force that increases to a value F 2 (Figure 13B), as Z translation 
5 continues until a time t 6 . Notably, if there was no binding of the sample to the tip, the 
actual separation between the sample and the tip would be non-zero. 

At time t 6 , this negative deflection of the probe decreases as the direction of 
translation of Z motion is reversed, such that the deflection of the cantilever of the probe 
again approaches zero. In this case, in the case of a titin molecule, the molecule is 

10 allowed to "refold," as Z actuator again moves in a direction towards the microscope tip. 
The corresponding measured forces are indicative of sample properties. This 
approach/withdraw cycle is repeated until the piezo is translated away from the probe at a 
constant velocity at time t n . As a result, the Z actuator moves the piezo until the tip 
releases from the sample, at which time f^the force plotted in Figure 13B returns to zero, 

1 5 i.e., as the cantilever of the probe returns to its free-air deflection. 

Thereafter, the position gradient shown in Figure 13A and the corresponding 
force data measured as a function of time (Figure 13B), which again is measured in 
response to the selected tip-sample separation gradient shown in Figure 13 A, are 
combined in conventional fashion to produce the force versus separation curve shown in 
20 Figure 13C. In sum, by controlling the Z actuator position relative to the fixed probe, 
different properties of the sample supported by the flexured actuator can be observed and 
recorded according to the user's requirements. For example, in one experiment, forces 
measured during the stretching and refolding of particular molecules, such as titin 
molecules, can be analyzed according to particular models of their mechanical behavior. 

25 Figure 13C illustrates a force curve similar to that shown in Figure 2. Note that 

the bi-directional arrows on the force curve indicate approach (decreasing "piezo Z", i.e., 
decreasing tip-sample separation) and retract (increasing "piezo Z"). As the sample 
approaches the cantilever tip, zero force is experienced by the tip such that no deflection 
of the cantilever is detected. As the tip begins to interact with the sample at position z\ 
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(generally corresponding to time t 2 in Figures 13A and 13B) the cantilever begins to 
deflect upwardly. This deflection is plotted as a positive force. As the sample is 
translated further towards the tip, the cantilever of the probe deflects further, thus 
increasing the force detected. As the tip continues to interact with the sample, the 
actuator position reaches a point z 2 where the direction of the movement is changed. In 
particular, the sample is pulled away from the tip, thus causing the measured force to 
decrease until it reaches a point z\ where the probe experiences zero force once again. 

As the sample is withdrawn further from this zero force position, because in this 
case the tip binds to the sample, the sample begins to "pull" the probe downwardly as the 
force continues to increase in the opposite direction. Thereafter, the tip releases from the 
sample at z 3 , such that the probe deflection returns to its free-air zero value. 

Another user-defined profile is illustrated in Figure 14 as a method 300 for 
controlling one or more force measurement parameters according to a user-defined force 
gradient. The method 300 is also illustrated graphically with an example in Figures 15A, 
15B and 15C. After a start-up and initialization Block 302, method 300 transmits a user- 
defined force gradient signal for a particular point of the gradient to the force controller 
(128 in Figure 7) in Block 304. Next, in Block 306, the force controller generates a drive 
signal based on the user-defined force gradient for that point (e.g., selecting a velocity, 
direction and duration of Z actuation), and then applies the drive signal to the Z actuator 
in Block 308. As the drive signal is applied, the Z position of the scanner is measured in 
Block 310 (closed-loop Z-positioning), and method 300 determines whether the 
movement corresponds to that dictated by the drive signal in Block 312. If not, a drive 
signal is generated in Block 314 to correct the Z motion. If so, the deflection of the 
cantilever is measured, collected and stored to determine the force on the cantilever in 
Block 316. 

Method 300 next plots position on a position versus time plot for that point in 
Block 318. In Block 320, method 300 determines whether the force on the cantilever 
corresponds to the user-defined force input (Figure 15 A, for example, described below) 
for the particular point defined in Block 304. If the force correspondence requirement is 
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not met, the process is returned to Block 306 to generate a new Z-stage drive signal based 
on the user-defined input and the measured deflection (instruction generated and 
communicated from deflection force feedback block 150 in Figure 7). For example, if 
the measured force is less than the desired force, a signal is transmitted to the force 
5 controller to instruct the force controller to transmit an appropriate signal to the Z 

actuator to move the sample faster so that the correct cantilever deflection (i.e., force) for 
that point is achieved. If, on the other hand, the force is met, method 300 asks whether 
each point in the force gradient has been considered in Block 322. If not, the process 
returns to Block 304 to transmit a force control signal for another point of the force 
10 gradient. If data has been obtained for each point in the force gradient, the collected and 
stored data (including the force gradient and position plot) are combined and plotted as a 



Q force versus a position profile of the sample (i.e., the force curve) in Block 324. 



An illustrative example of method 300 in operation is shown in Figures 15A-15C, 
defining another type of user-defined waveform input to control the acquisition of a force 
15 curve. Again, method 300 is directed to inputting a force gradient (Figure 15 A) and 

measuring the corresponding position of the piezo required to achieve that force gradient 
§ (Figure 1 5B). More particularly, with reference to Figure 1 5 A, between time t 0 and time 

ti, the force is held constant at a zero value which typically will correspond to bringing 
the tip and sample into contact, as shown in Figure 1 5B for this time range. At time // the 
20 force gradient in Figure 1 5 A instructs the Z piezo actuator to move so that the force 
increases linearly from time t t to time t 2 . Notably, as shown in Figure 15B, at // the 
cantilever deflection is zero and the piezo position is at zero tip-sample separation. Then, 
the cantilever deflects upwardly during the time t 2 minus tj as the actuator moves further 
towards the probe with the tip in contact with the sample. Between t 2 and t 3 . the force is 
25 held constant, and thus the force controller does not cause the Z actuator to move. 

At U, the method 300 instructs the Z actuator to move the sample so that the force 
is reduced linearly. At the time t 4i the force is zero while force controller continues to 
cause the Z actuator to pull the sample away from the microscope tip. Then, between t 4 
and t 5 , a linear force gradient in the same direction provides the instructions to the force 



{00013H3.DOC/2} 



controller for actuating the flexured piezoelectric Z actuator. It is notable that the 
actuation of the Z actuator required to maintain the linear force gradient shown between 
^and t 5 in Figure 15 A, is nonlinear as shown in Figure 15B. In other words, force is not 
directly proportional to tip-sample separation. As a result, including such a force 
gradient can provide useful information that cannot be obtained by using the tip-sample 
separation gradient shown in Figures 13A-13C. Finally, as the linear force gradient is 
continuously applied, the Z-stage drive to the Z piezoelectric actuator continues to pull 
the sample away from the tip until point /jat which time the tip releases from the sample 
surface and the force on the probe returns to zero. As in Figures 13A-13C, the time 
dependent curve shown in Figures 15A and 15B can be combined to produce the force 
versus separation curve shown in Figure 15C. A notable region of the force curve of 
Figure 15C is between the times t 4 and t 5 (labeled (t 4i t 5 )) illustrating the binding of the 
tip to the sample as the Z-piezo is moved away from the probe. Although the force 
versus separation curves shown in Figures 13C and 15C are similar, the information 
provided in the measured curves in Figures 13B and 15B can each provide unique, 
valuable information regarding the particular experiment being conducted. 

Next, trigger operation of the force SPM is very similar to the user-defined force 
gradient shown in Figures 13A-13C. However, rather than being predetermined as is the 
case with the user-defined force gradient, trigger-based operation can alter the force 
gradient, real-time, in response to a particular condition. 

Referring initially to Figure 16, a method 400 of trigger operation includes a 
start-up and initialization Block 402. Next, the Z-stage drive signal is generated 
according to at least one force measurement parameter for a particular point (e.g., a 
particular point in time on the trigger profile such as that shown in Figure 17), in Block 
404. Next, the Z-stage drive signal is applied to Z actuator to move the actuator for a 
particular amount of time, and in a selected direction and speed in Block 406. Next, in 
Block 408, method 400 measures the Z position of the sample to determine tip-sample 
separation. As part of the closed-loop positioning, in Block 410, method 400 determines 
whether the Z position corresponds to the drive signal. If it does not, method 400 
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generates a new Z-stage drive signal to correct Z motion so it corresponds to the intended 
motion defined by Block 404. If, on the other hand, Z position corresponds to the drive 
signal, the cantilever deflection for that point is measured and stored in Block 414. Next, 
in Block 416, method 400 collects and stores the corresponding position data. 

Continuing, method 400 next determines whether a trigger condition has been 
met. If not, the process returns to Block 404 to generate another Z-stage drive signal for 
another particular point, i.e., the next point in time. If, on the other hand, the trigger 
condition is met, method 400 changes at least one force measurement parameter of the 
force curve acquisition process in Block 420. Once all trigger conditions of the trigger 
profile (for example, Figure 17) have been met, method 400 is terminated and a position 
versus time plot is combined with the trigger profile to generate a force curve. 

Turning to Figure 17, a force versus time curve generated according to the method 
400 illustrated in Figure 16 is shown. More particularly, as the computer instructs force 
controller to generate a Z-stage drive signal, the sample approaches the tip of the probe of 
the AFM and zero force on the probe is measured by the deflection detection system. 
Thereafter, as the tip begins to interact with the sample (e.g., a molecule) at time tj, the 
force increases linearly to a value Fi (positive deflection force) as the force spectroscopy 
actuator narrows the tip-sample separation. 

At time t 2 , 2l first trigger condition (a predetermined force) is met at a positive 
deflection force equal to Fj. In response, tip-sample separation is kept at the Rvalue for a 
time period t 3 minus t 2 (for example, to allow time for the tip to bind to the sample). At 
t 3t based on the first trigger, the computer transmits a signal to the force spectroscopy 
scanner to begin withdrawing the sample from the tip to increase tip-sample separation. 
At t 4 , ^ tip of probe of FSPM is resting on the sample surface such that there is no 
deflection of the cantilever of the probe measured. As the separation is increased further, 
a linear force gradient is measured during a time ^ minus t 3 as the tip passes through the 
zero force point at t 4 . At that point, upon detection of the negative deflection force at t 5 , Z 
movement of the force spectroscopy scanner is halted for a period of time equal to t 6 
minus t$. At t 6 , computer instructs force controller to continue to "pull" on the sample 
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based on the second trigger at a particular velocity to produce the force gradient shown in 
region "A". Tip-sample binding deflects the cantilever downwardly, and these forces are 
measured between times t 6 and t 7 , producing as described previously until the tip 
separates from the sample at / 7 and the force between the tip and sample is again returned 
to zero as the tip is no longer interacting with the sample. 

A straightforward example of using a force gradient to determine a sample 
property is illustrated in Figures 18A-18C. Figure 18A defines a force gradient that is 
used to control the Z actuator similar to that shown in Figure 15 A. For a hard surface, 
illustrated with the Z position profile in Figure 15B, the Z actuator is caused to move in a 
generally linear fashion both on the approach 450 (zero then increasing force) and retract 
452 of the tip-sample separation. More particularly, to follow the force profile shown in 
Figure 18 A, the actuator moves linearly until a time t } defining a zero position where the 
tip begins to contact the sample, at which the time the force on the tip begins to increase. 
In the region from t } to ^the force gradient increases linearly (Figure 15 A) and the 
actuation of the Z actuator moves linearly as well (Figure 15B) as the tip presses against 
the hard surface. At the peak force Fi (at time t 2 ) the actuation of the flexured Z actuator 
is at a peak Z\ such that the cantilever is deflected upwardly at its maximum. At this 
point, the instruction based on the force gradient is to actuate Z translation to reduce the 
force to a zero level. The motion of the Z actuator, in response, is linear to the zero point 
(time t 3 ) where the tip barely contacts the sample surface. As the sample is further 
withdrawn from the tip, the force remains at zero as there is no binding between the 
sample and tip. 

In each of the methods illustrated in Figures 12, 14 and 16, it is notable that the 
precise Z-positioning provided by scanner 118 of the preferred embodiment enables the 
use of a wide range of user-defined input profiles, thus allowing FSPM 100 to target 
measuring particular mechanical properties (e.g., based on sample models) of a wide 
range of samples. 

In contrast, for a soft surface, as shown in Figure 18C, to achieve the same peak 
force F| on the tip of the probe, the force profile shown in Figure 18A causes the Z piezo 
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to move to a position Z 2 in a non-linear path, whereby the value of Z 2 is much greater than 
Z|, thus indicating a softer sample. As a result, with the same force profile, two types of 
samples can be investigated by considering their position profiles. 

As opposed to automatic control of force measurement parameters as described in 
connection with Figures 13 and 15, the force scanning probe microscope can also include 
a mechanical feedback user interface (140 in Figure 6) to provide manual control of a 
force measurement parameter. Turning to Figure 19, FSPM 500 includes a manual 
control device 501 for controlling a Z-axis stage 502 configured to support a sample 504 
and move sample relative to a fixed probe 506 having a tip 508 formed on the underside 
of a cantilever 510. As stage 502 is actuated, tip 508 interacts with sample 504, while a 
deflection detection system 512 including a laser 514 and a detector 516 monitors the 
deflection of cantilever 510. Based on the deflection signal, FSPM 500 determines the 
tip-sample force. More particularly, as tip 508 interacts with sample 504, a probe motion 
detection signal is generated and transmitted to a comparator 5 1 8 that generates an 
relative signal based on, e.g., a non-contact probe motion detection value. The error 
signal is indicative of the force sensed by FSPM 500, and this signal is transmitted to a 
logic stage 520 that, in response, generates a control signal to drive an alerting device 
522. Preferably, alerting device 522 is a resistance device (e.g., a brake) that makes 
manual control device 501 harder to manipulate. 

Preferably, device 501 of FSPM 500 is a knob that is adapted to be manually 
rotated more than 180°, whereby rotation of the knob is sensed by an optical encoder 524 
that transmits a signal corresponding to the amount of rotation of the knob to a controller 
526. The controller 526 then actuates scanner 502 to modulate the tip-sample separation. 
In this case, passive resistance device 522 makes knob 501 more difficult to turn 
(increases torque required to rotate knob, in response to, for example, large tip-sample 
interaction forces). 

Preferably, the torque provided by resistance device 522 is related to the force on 
tip 508 of probe 506. However, more complex logic may be provided in logic stage 520 
to fine tune the torque applied by brake 522 to knob 501 based on, for example, a 
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particular force gradient detected. Alternatively, an active feedback device could be 
implemented that instead of providing passive resistance, actually created a restoring 
force. In any event, the operator can manually modulate the tip-sample distance and 
based on the torque required to turn knob 501, the operator can essentially "feel" the 
5 sample under study. The forces can then be measured and plotted versus the scanner 
vertical position (i.e., tip-sample separation) to generate a corresponding force curve. 
Again, in this case, the alert to the user that the force between the tip and sample is 
changing is a brake, providing tactile feedback to the user. Alternatively, the output 
provided by manual FSPM may be an audio alert that allows the user to correspondingly 
10 modulate the tip-sample separation based on, for example, the pitch of the alert. 

P Although the best mode contemplated by the inventors of carrying out the present 
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1 5 underlying inventive concept. 



invention is disclosed above, practice of the present invention is not limited thereto. It 
will be manifest that various additions, modifications and rearrangements of the features 
of the present invention may be made without deviating from the spirit and scope of the 
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